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Methods  of  Caloulatlng  Nuolesr  Roaetor^ 


OaI*Marehuk 

Annotation 

In  the  monography  are  explained  basic  oathods  of  physical  calculation  of  nuclear 
reactors.  Developed  were  algorithms  for  practical  utilization  of  mathematical  methods 
for  solvong  various  problems  •origins  ting  during  the  planning  of  experimental  and 
atooio  energy  installations.  Given  are  calculated  values  of  critical  masses  of  reac¬ 
tors.  w)^ch  can  be  used  in  practical  operation. 

The  book  is  intended  for  students'physicists.  scientific  workers  and  engineers, 
specializing  in  the  field  of  atomic  energy. 

Foreword 

This  monography  is  devoted  to  methods  of  calculating  nuclear  reactors  of  differ¬ 
ent  speotra  •  The  first  effort  of  giving  a  systematic  explanation  of  reactor  calcu¬ 
lation  methods  was  made  by  the  author  in  his  book  entitled  *  Numerical  Methods  of 
Calculating  Nuclear  Reactors  *  published  before  the  Second  International  Conferenee 
on  feaceful  Utilization  of  Atomic  Biergy  (Geneva. 1958)*  However  since  this  book 
appeared  on  the  library  shelves  many  changes  have  taken  place  in  the  methods  of  cal¬ 
culating  reactors.  This  circumstance  prodded  the  author  into  writing  a  monography. 
in  which  is  described  the  present  day  status  of  problems  connected  with  physical  cal« 

culation  of  nuclear  reactors.  Of  course  not  all  mathematical  problems  of  physical 

this/ 

calculation  are  sufficiently  well  explained  in ^  book,  but  in  all  instances  the 
author  tried  to  explain  all  the  data  with  consideration  of  a  oe'-tain  perspective  for 
further  dsvalopoent  of  methods.  Main  attention  in  the  monography  was  devoted  to  prob¬ 
lems  of  mathematical  deseriptiM  of  the  processes  occurring  in  reactorsi  problMa 
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eeaeerning  t]i9  theory  of  reactors  have  been  touched  upon  only  in  mlnlziuin  extent* 

In  the  book  have  been  reflected  problam8(d<3yelcped  by  the  author  together  vlth 
A  group  of  ccHvorkers  t  Sb*S*NlkoIay8hvili*  Ye«I*Pogudali39a,  V.V.Soelovt  G.A.Ilyasov* 
F.F.MikhayluSt  V.F.Kochergiix*  A.I.Vaskin*  T.F.Il'in,  B*£*QavriIin,  V.V.Varkhooeyeva, 
Z*N*Mllyutina  and  others* 

Calculations  of  critical  masses,  mentioned  in  the  book*  were  carried  out  under 
tha  supervision  of  author  A*I*Nevinnitsa  and  O.P*Uznadza  with  active  participation 
of  V*P*£ochergin* 

Chapter  28  of  the  book,  upon  appeal  by  the  author*  was  written  by  V,F*T\irchin. 

*xpJaine.i3/ 

^iethods  of  calculating  reactors*  as]p  ’  in  the  book*have  been  developed 
and  improved  under  the  influence  of  functions,  carried  out  under  the  scioitifio  guidance 
of  academician  of  the  Academy  of  Sciences  Ulor-SSR  A*I*Leypunskly* 

During  ell  the  stages  of  work  the  author  maintained  scientific  communication  with 
physlolsist-theoretlclanst  L,N.Usachev*  V*V*Orlov*  7.N*Zubarev*  S.B.Sbikhov*  V*F* 
Ihrchin*  V.Ya.Fupko*  Ya.V.Shevelev,  B.F.Oromov*  G.I.Toshlnskiy*  V.V.Chekunov  and 
others,  and  also  with  physlcisists-experimentorsi  I.I.Bondarexiko*  V.A.Kuznatsov*  V*I* 
Mostov,  B*G*OuboTskiy,  A*I*(k>gil'ner,  M*B*Yegiezarov,  V*S*Dlkarev,  £*A*Stuinbur  and 
others*  The  scientific  coiumunloation  with  physicists- theoreticians  and  experimentors 
has  In  many  instances  overcome  the  tread  of  work  connected  with  the  developmBkt  of 
reactor  calculation  methods* 

The  author  is  deeply  indebted  to  A*l*Lsypunskiy  for  nutoerous  evaluations  of  var« 
ious  problems  concerning  the  theory  of  nuclear  reactors*  which  aided  in  successful 
development  of  nathematioel  methods* 

Tha  author  is  deeply  Indebted  to  Y*S* Vladimirov  for  effective  evaluation  of  prob> 
lems*  concerning  the  transfer  of  neutrons*  es  well  as  to  T*F*Threhin*  who  wrote 
chapter  28  of  the  book* 

The  author  is  grateful  for  the  evaluation  of  various  mathematical  problems  con<- 
earning  the  theory  of  neutron  transfer*  to  Ye*S*Kuznet8ov,  N*N*Yanenko*N*I*BuIyeev* 
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Qreat  assist  in  preparing  the  book  for  print  was  given  by  V,F.Il'in«  AaI*NeTlnnitsa« 
and  0,P*Uznadaa,  to  whom  the  ^  '  author  expressas  his  profound  thanks* 

0*I*!4arobt>k 

Introduction 

Broad  application  in  the  calculation  of  high  speed  counters  created  favorable 
conditions  for  the  developnmt  of  many  fields  of  science  end  techuologj'*  Newest  achie- 
veoents  of  cooputer  aatheioatios  enabled  to  reexamine  algorithma  for  the  solution  of 
many  problems  of  mathematical  physics  and  to  develop  new  algorithms*  based  on  the 
use  of  numerical  methods*  submitting  to  effective  realization  on  computers* 

In  this  way*  analytical  methods  of  solving  problems  have  in  many  instances  given 
place  to  more  effective  numerical  methods* 

use  in  calculations  of  high  speed  computers  enabled  to  bring  forth  new  prob-. 
lems  of  science  and  techn.<logy,  a  greater  volume  of  calculation  work  of  which  has 
previously  appeared  practically  uzirealizable*  As  result  such  conditions  have  been 
crv^ated*  at  which  it  was  found  possible  to  solve  more  difficult  methesetical  and  lo» 
gical  problems*  In  this  connection,  basic  importance  was  acquired  by  problems*  connec'> 
tej  with  mathematical  arrangement  of  the  problems  end  with  the  developmoit  of  cffeot— 
ive  calculation  algoritbffla. 

^ccesaaa  in  the  field  of  computational  mathamstics  have  produced  a  fester  effect 
on  the  developmant  of  the  theory  and  methods  of  calculating  nuclear  reactors*  After 
the  book  by  Glesston  and  M*Sdlund^93  ,  which  discussed  the  elementary  bases  of  the 
theory  of  thermal  neutron  reactors*  appeared  mono^aphies  by  A*D*G8lanin^9j  t  devo« 
ted  to  problems  of  further  developing  the  theory  of  thenaal  neutrol  base>reactors* 

'^cneral  scientific  and  theoretical  basis  of  atomic  energy  were  explained  in  books  by 
A*Veyi^rg  and  Ye.Vignar^S^  •  **  ^  B*£}avlaon!|ioc^*  Finally*  in  the  moiio-~ 

^aphy^T^are  discussed  numerical  mathoda  of  calculating  nuolear  reactors* 

Up  to  this  day  there  is  no  loss  in  theoretical  value  of  reports  of  earlier  parioda 
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of  deTOlopment  of  atomics  cnerj^.  Tlxese  are  reports  by  Yc.VlgQsr  |44t  4'^*  G*FIachek 
I227,  228.  231^  ,  P»yerl8[224J.  H.Marshak[l87.  19^  .  II.N,Bogolyubov[23],  I.I*airevlch 
and  I.Ya.Pomeranohuk^'^.  a.Vik^8,49].  A«Veynbergj44*9^^t  0*^ete^8j  and  others. 

Further  development  of  the  theory  of  nuclear  reactors  and  calculation  methods  was 
proiQpted  la  the  lectures  presented  at  the  First  and  Second  International  Conferences 
on  Peaceful  Utilization  of  Atooto  fiiergy  in  Qeneva. 

Broader  devslopment  of  the  theory  and  methods  of  calculating  nuclear  reactors  wes 
attained  In  the  USSR  In  reports  hy  Z.V.KurchatOT|i5^ »  A* P. Aleksandrov^'^.  A.I«Alikhanov 
D.l.Blokhint8aT^9*2jL^.  V.S.fkrsova|296^.  I.I.Gurevieb  and  I.Ya.Pomeranchuk 
A.K4a'aain^5,146j.  S,M.Feynbarg^82,28y.  A.D.C3alanin[59»6^#  V.I,I'fo£tokoar[2083, 
V.V.QrlOT|2l8,  22l3,  B, G.Dubovskiy [97.179]  .  V,r.!r\irchin[276,27t) .  V.V.Smelov  ^77,252,253] 

and  others.  On  the  basis  of  these  reports  have  been  scientifically  founded  projects 
of  nuclear  reactors  for  a  greater  number  of  power  generating  installations  .  such  as 
the  Voronezh.  Byelcyarsk  atomic  electric  power  stations,  the  ice  breaker  L£NIN  sod 
others,  as  well  as  a  greater  number  of  experimai  tal  reactors  with  various  decelerc-^ 
tors  and  heat  carrieB8|67.  259,  284-286]  . 

The  theory  and  methods  of  calculating  reactors  based  on  intermediate  neutrons  attaiiw 
ed  proBlnenoe  in  reports  by  A.  I  .Lay  puns  kiy.  A.S.Romanovleh.  L.N.UsaeheT^7S.  28^. 
V.Ya»IHipko|l74.235.236]|  .  V.A.Ku£netsov.  B.F.Grcmoiv.  Cr.I.Toshlnskly.A.l^ltogilVner  . 
T.V.Chekunov.  V.'Q.QclcV^73,219]  Eind  others. 

i^iethods  of  calculating  fast  neutron  reactors  have  been  developed  by  A.I.Leypunskiy 
^63.161^  •  D.I.Blokhintsev[22].  L«N.U8acheT  ^78.28(^.  O.I).KazaohkoTskiy  ^24.163.16^ 

1. 1. Bondarenko  1^4,163. 16^,  S.B.ShikhoT^l6.  31(^ . Yu. A^Stavlsskijr ^63.164].  as  well 
as  V.S. Vladimirov ^7,  5^,  Yu.A.Rotaanov^393  and  others.  The  mentioned  reports  enab¬ 
led  to  scientifically  found  plans  for  atomiv  power  generatiag  stations  ER-1  and  ER»2 
built  and  put  into  operation  in  1957  and  I959  respectively. 

A  review  of  reports  of  foreign  scientists  on  the  theory  and  methods  of  calculating 


FTD-TT-62-1814/1 


4 


reaetOTB  made  in  reports  presents,  at  the  First  and  Second  International  Confereno&s 
on  Peaceful  Utilization  of  Atomic  Energy  in  QeneTa|u8«  136«  137(  139*  195* 

217t  238»  26^1  266  and  others^  • 

Substantial  deTelopneni  iii  recent  years  has  been  gained  also  by  computational  math'— 
ematioa*  the  basic  results  of  tfiiioli  were  obtained  by  the  group  at  the  V»A*Stetclov 
MBth«Znst»  at  the  Academy  of  Sciences  USSR  under  scioitiflc  guidance  of  academician 
K«V.Keldysh.  The  mexinum  number  of  results  from  these  inTestigations  pertains  to  the 
solution  of  finite-different  eg:uations  of  elliptical  type*  as  well  as  to  the  fornula 
tion  of  finite-differential  eolations  •  approxismtiag  differential  equations  with 
disruptive  coefficients. 

To  solve  tbrae-point  finite-differential  equations  of  elliptical  type  I,M«Gel'fand 
and  O.V.Lolcutsiyevskly ^66j[  and  ,  independently,  A.S.Kronrod  1^9^  Starlb^l^^  foriai- 
lated  a  factorizing  method,  which  enbaled  to  reduce  a  marginal  problem,  to  a  subse¬ 
quent  solution  of  three  finite-differential  (difference)  equations  of  the  first  order, 
^ext  14.V.Kaldyeh,  I.M«Glel'fand  and  O.V.Lokutsiyevskiy  together  with  K,I,3abenko,  V.V« 
Rusanov  and  N.N,Chen.t80T  have  substantially  developed  methods  for  solving  finite- 
differenoe  equations,  having  developed  an  apparatus  of  matrix  factorization  applioah- 
lo  to  systems  of  difference  equations.  In  particular,  this  allowed  to  fornulate  a  new 
method  of  solving  uailtidimensional  diffarential  equations  of  elliptical  type.  The 
method  of  matric  factorization  has  produced  a  decisive  influence  on  the  development 
of  numerical  methods  for  solving  equations  a  method  of  spherical  harmonics  applicab¬ 
le  to  problems  of  atomic  energy. 

To  the  study  of  finite-difference  equations,  approximating  differential  aquations 
of  elliptical  type,  have  been  devoted  the  investigations  by  A.N.Tikhonov  and  A«A, 
Samarskiy ^0-27^ ,  A,N.Tikhoaov  and.  A.A.SamBrskiy  made  a  thorough  investigation  of 
problems  concerning  the  fornmlation  of  three-point  finite -difference  schemes,  given 
are  practical  algorithms  of  most  rational  approximations  of  differential  equations 


with  finite-difference  ones,  and  establlsbad  were  also  the  general  sepeota  of  solutions 
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of  Aifforeno*  eq.ua tloos.  They  introduce)  the  concept  of  inteepral  accuracy  of  a  solu-* 
tlon  of  a  finite-difference  equation  relative  to  the  solution  of  a  differential  equa¬ 
tion  and  have  proven  theoresis  on  the  convergence  of  solutions  of  finite-difference 
equations.  They  have  proven  «  in  particular,  that  the  fornulated  by  them  difference 
equations  in  the  class  of  disruptive  coefficients  have  the  second  integral  order  of 
accuracy. 

Achievemeuts  of  computational  mathematics  have  been  widely  discussed  in  scientific 
literat^lre  ,  as  wall  as  at  conferences  and  conventions. 

All  the  above  mentioned  reports  on  caleulationsmethods  prepared  a  base  for  fur¬ 
ther  development  of  methods  for  cslculating  nuclear  reactors.  Ihese  methods  constitute 
the  basic  content  of  this  monography. 

as 

The  book  consists  of  eight  parts.  The  first  part  devoted  to  problems  of  neutron 
diffusion.  Investigation  of  the  problems  is  conducted  under  the  assuiAption.  that  all 
neutrons  have  identical  velocity  and  differ  only  in  direction  of  the  velocity  vector* 

In  chapter  1  is  given  a  brief  summary  of  single  speed  neutron  trauffo:  equations. 
Derived  was  an  Integro-dlfferentlal  equation  in  various  geometries,  discussed  is  the 
integral  equation  by  Ihyerls.  corresponding  to  the  equation  of  partlela  transfer. 
Special  attention  was  devoted  to  transport  approximation.  In  conclusion  were  fornula 
tea  problems  on  critical  dimensions  of  a  nuclear  reactor. 

In  chapter  2  are  analyxed  results  of  solving  transfer  equations  in  ease  of  a  point 
source  of  neutrons  in  an  infinite  medium.  The  discussion  is  carried  on  at  first  for 
the  case  of  isotropic  diffusion  of  neutrons. 

Next  is  investigated  the  problem  of  asymptotic  density  of  neutrons  at  greater  dis¬ 
tances  from  the  source.  Using  a  single  speed  problem  as  an  example  was  investigated 
the  method  of  moments,  as  well  as  the  method  of  approxiiDation.developad  hy  Sh.S. 
Nlkolayshvili|213^.  In  many  instances  these  methods  allow  to  obtain  solutions  for 
problems  regarding  the  transfer  of  neutrons  and  gamma-quanta. 

In  chapter  3-  are  explained  numerical  methods  of  solvixig  kinetic  equatlone. 

6 
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M:ch  attention  has  been  devoted  to  the  best  knovn  in  yhj'Sical  calculations  of  nuc-^ 
lear  reactors  numbericel  methods  by  V.S.Vladimirov and  B.Karlson|i29^  .  Thoroughly 
investigated  is  the  problem  of  improving  the  convergence  of  iteration  processes twhich 
appear  to  be  the  component  element  of  algorithms  for ——^solving  kinetic  eoiuations 
by  the  Vladimir  and  Karlson  method.  Together  with  the  well  known  method  of  L,A,lyu8- 
ternik,  is  explained  a  new  method  of  imprcrving  the  convergence  of  the  subsequent 
approximation  method,  formulated  by  V,P,Moro2ov|206^,  In  conclusion  of  the  chapter 
is  described  the  variation  method  for  solving  neutron  transfer  equations  introduced  by 
V.S,Vladimlrov(35j, 

In  chhpter  4  are  discussed  methods  of  solving  integral  squatiouc  by  Ihyerls.At 
first  is  discussed  the  Krylov-Bogolyubov  method,  which  acquired  'broad  application  in 
solving  integral  equations.  This  method  is  illustrated  on  a  problem  cone eiming  the  distri- 
butxon  of  neutrons  within  a  flat  layer.  Then  special  attention  is  devoted  to  the  met¬ 
hod  of  degenerated  nuclei.  Thir  method  is  illustrated  by  an  example  of  calculating 
the  critical  dimension  of  a  homogeneous  sphere  in  case  of  isotropic,  as  well  as  in  r. 
simple  case  •  o  a  nonlsotropic  indicatrix  of  neutrol  diffusion. 

In  chapter  5  is  given  a  general  description  of  the  spherical  harmonics  method, 
developed  by  G..Vik(45,  R,Marshak]tl7t  189,19^,  S.l'fark^yi] ,  3.Davicoa[l00,  102,  103], 
L.N.Usachev  ,  14. Van  and  Ye. Gut  (40} »  S.Chaudrasekar  othars,  given  are  also 

the  basic  features  of  the  method  ,  supplemented  by  concrete  applications  to  the  case 
of  plane-parallel  and  spherically-syumetrical  systems,  Discusser’i  are  monodimeasional 
cylindrical  systems.  Special  attention  is  devoted  to  diffu¬ 

sion  approximation  as  well. 

G.Ya .Rumyantsev  has  first  called  attention  to  the  possibility  of  practically 
utilizing  in  calculations  of  even  approximations  the  method  of  spherical  harmonics, 
whereby  he  placed  special  emphasis  on  the  employment  of  the  P2 -approximation  in 
calculations.  It  should  be  pointed  out,  that  G.Ya, Rumyantsev  also  develoi-ed  the  met" 
hod  of  spherical  harmonics  for  arbitrary  geometry  in  problems  of  setting  up 
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concrete  boundary  conditions [241*  • 

A  niuidy  o(  the  r^^oblem  concerning  the  solving  of  transfer  equations  in  case  of 
a  point  source  In  an  infinite  medium  with  the  aid  of  the  spherical  harmonics  method 
was  carried  out  by  Sb.SsNikolaysbvili  ^175*l-7^).* 

At  the  conclusion  of  the  chapter  is  forimlated  the  variational  principle  introdu¬ 
ced  by  V.S.Vladindrov'iO,  5I,  55  •  On  the  basis  of  the  variation  principle  is  made 
a  conclusion  of  equations  of  harmonics  for  various  geometries  in  case  of 

isotropic  diffusion  Indlcatrioes  and  simultaneously  are  obtained  boundary  equationst 
coinciding  with  RJfarshak  conditions* 

It  should  jc  pointed  out*  that  the  metbods*discussed  in  the  first  part  of  the 
book,  are  of  general  nature,  and  can  be  applied  without  any  difficulty  for  solving 
more  difficult  problams.  Barticularly,  they  can  serve  as  basis  for  solving  problems 
concerning  critical  dimensions  of  a  reactor. 

Bart  two  of  the  book  is  devoted  to  problems  of  formulating  finite^difference  equations 
of  elliptical  type,  having  greater  importance  in  calculating  nuclear  reactors. 

In  chapter  6  are  discu-  sed  finlts-dlfferenoe  equations  of  diffusion  for  mono^imen- 
sional  zones.  Ti^e  explanation  is  done  on  the  basis  of  above  mentioned  results  obtalx^ 
ed  by  A.N.Tikhonov  and  A.A.Saicarskiy^70*^^* 

nisousaed  are  simple  finite*differenee  equations  of  diffusion  in  the  class  of 
discontinuous  coefficients.  Pointed  out  are  ways  of  improving  finite-difference  equ)v« 
tions.  Formulated  were  difference  equations  for  systems  of  two  diffusion  equations 
of  first  order.  Introduced  into  the  investigation  were  flnite-differehoe  balance  equa-> 
tiona.  enabling  to  control  the  correctness  of  solving  problems  in  finite-dlfferenoo 
formulation.  Finally,  notes  are  given  on  the  accuracy  of  ths  numerical  calculations 
by  finite-difference  systems,  and  a  relationship  is  established  between  finite-difference 
equations  of  continuous  calculation  and  difference  equations. formulated  with  the  aid 
of  a  method  of  introducing  fictitious  points. 

In  chapter  7  are  analyzed  the  results  of  formulating  finite-difference  equations 
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for  ttfo-dloensloaal  zonas*  Into  InTentigatlon  is  Introduced  a  method  of  fornulating 
difference  equations  for  multidimensional  zones  in  the  class  of  discontinuous  coef> 
ficients*  Described  is  a  matrix  form  of  recording  finite<^ifference  equations  for 
two-dimensional  z^nest  and  corresponding  balance  ratios  have  been  formulated* 

In  chapter  8  is  described  the  formulation  of  finite-difference  equations  by  the 
method  of  spherical  harmonics*  This  formulation  is  advx«able  when  employing  matrix 
recording  of  the  initial  system  of  ordinary  differential  equations,  constituting  to¬ 
gether  with  the  boundary  conditions  a  boundary  problem*  Finite-difference  (Equations 
formulated  for  plabe-parallel  zones  with  spharicul-symraetrical  and  cylindrical  — * 
geometries*  It  should  be  unterllned,  that  the  use  of  new  methods  of  solving  finite- 
difference  equations  enabled  to  considerably  raise  the  effectiveness  of  applying  the 
spherical  harmonics  method  for  solving  a  wide  class  of  reactor  problems* 

In  chapter  9  discussed  methods  of  solving  finite-difference  equations*  Ihe  most 
effective  method  of  solving  difference  equations  of  elliptical  type  is  the  factori¬ 
zation  method*  The  method  of  linear  finite-difference  factorization  allows  to  effectively 
solve  many  problems  connected  with  physical  calculation  of  reactors*  Next  are  descri¬ 
bed  methods  for  solving  finite-difference  diffusion  equations  for  two-dimensional 
geometry*  A  corresponding  problem  could  be  formulated  in  vector-matrix  form*  formally 
coinciding  with  a  three  point  linear  matrix  system*  A  solution  to  this  problem  is 
found  v;ith  the  aid  of  the  matrix  factorization  method* 

It  should,  however*  be  pointed  cut*  that  when  solving  a  flnite-dlfferenoe  ellip¬ 
tical  equation  by  t)i«  matrix  factorization  method  at  a  greater  number  of  unit  points 
it  is  necessary  to  deel  with  matrices  of  high  order*  This  considerably  reduces  the 
possibility  of  effeotively  applying  matrix  faetorizatlon  for  solving  the  mentioned 
problems* 

N*I*Buleye*  made  a  successful  ettempt  to  develop  and  iteration  method,  which  appears 
to  be  a  combination  of  the  relaxation  process  with  the  method  of  linear  factorization 

[33,  34J. 
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Tble  method  in  its  slsiilicity  is  in  no  way  inferior  to  the  simplest  itareiionprrooesses 
of  Liebnan  and  Seidel»  but  converges  many  tlioes  faster* 

Among  other  metho^is*  used  successfully  for  solviug  two-dimensional  f inite-differanoe 
equationa,  should  be  nentioned  the  method  of  longitudinal-lateral  linear  factorisation, 
discussed  by  J.Douglasj^S,  99].  r.l'I,Yanenko^l6,  31^and  V.K,SBUlyev(2/:.6,24‘f\. 

v/e  must  mention,  that  the  effective  solution  of  finite-difference  equations  of 
sphericel  harmonics  is  realized  with  the  matrir  factorization  method. 

The  third  part  of  the  boolc  is|'  to  problems  of  slowing  down  (decelerating) 


neutrons. 

Chapter  10  has  an  introductory  nature.  In  are  described  the 


-^elementary 


processes,  taking  piece  in  the  nuclear  reactor,  the  structure  of  the  sections  where 
neutrons  react  with  nuclei  M  estimated  and  forioulated  are  phj’’slcal  bases  for  the 
calculation  of  a  nuclear  reactor. 

In  chapter  11  is  given  the  product  of  kinetic  equation  of  a  reaction.FoBBulated 
xs  an.  equation  for  slow  down  and  boundary  conditions  are  fixed.  Discussed  is  s  partial 
case  of  kinetic  equation  of  a  reactor,  and  namely,  problem  with  constant  sections 
and  problem  with  energy  dependence. 

In  chapter  12  are  fo  iu}.ated  conjugated  equations  of  a  reactor.  Given  is  a  general 
theory  of  conjugated  equations,  developed  by  tho  author  together  with  V,V,0rlov 
which  generalizes  somewhat  the  known  results  by  Ye.Vigner  |43»  4^.  L.N.Usachev 
(278,  280]],  N.A.rtaitriyev(27^,  :i,Puka  {2953 •  ^•B«Ka'iointsev|T.203  and  B,Davisonj^0^  . 

In ‘.reduced  into  investigations  are  iiuportant  linear  functionals  and  foriailated  are  conju¬ 
gated  equationa  with  respect  to  the  riven  functionals.  Examination  of  the  theory  of 
conjugated  eqjuations  is  completed  by  a  eoaelusion  of  formulas  of  the  theory  of  per— 
turbantiou. 

Chapter  I3  Is  devoted  to  diffusion  ^^pxoxxntatxon,  Follc'./iik':  iu  the  rteps  of 
R,^iirsbak  approxi:;Bted  solution  of  a  kinetic  equation  is  sought  with  the  aid 

of  two  memoers  of  the  series  in  accordance  with  specific  functions*  As  result  we  arflve 
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at  two  lategro-dif ferential  equations,  forming  a  closed  system  of  reactor  equations# 

For  moderators  with  M  1  the  solution  cf  moderation  equations  is  sought  in  form 
of  a  series  ty  lethargy#  Tliia  allows  to  free  our  hands  in  oquations  from  tho  integral 
operator  and  as  consequence  the  problem  is  reduced  to  solving  a  syctem  of  differ 'n- 
tial  equations  for  functions#  depending  upon  spatial  coordinates  and  lethargy.  At  tho 
end  of  the  chapter  are  discussed  prcblems  of  daflniug  noi'e  closely  the  diffusion-age 
theory, investigated  by  Te.^lreyling  and  D#Gertsel|^^# 

In  ohapteu’  14  are  explained  metheds  of  solving  reactor  equations  in  Pjj«appro::iri5£>- 
tion  allowing  to  define  more  closely  the  solutions  obtained  in  diffusion  approximation# 
Fornuleted  are  basic  and  conjirgatad  equations  in  P^-approximations  and  correspoading 
boundary  conditions.  Special  attention  is  devoted  to  p2-approxiination,prc.senting 
greater  Interest  in  problems  concerning  critical  mass  of  reactor# 

In  fourth  part  of  the  book  are  discusser'  methods  of  group  representation  of  re¬ 
actor  equations# 

Chaptor  is  devoted  to  the  conclusion  of  mnltigroup  system  of  basic  and  conjuga¬ 
ted  kinetic  reactor  equatiens#  The  method  of  groap  averaging  is  applied  in  such  a 
way#  that  during  transition  from  basic  problem  to  multigroup  the  most  essential  funo-  - 
tioual  remained  unchanged.  If  in  the  role  of  problem  functional  is  considared  the 
critical  dimension  of  the  reactor  #  then  during  the  fomiulation  of  a  ij’.ltiorcwp  system 
is  necessary  that  tho  critical  mess  of  the  reactor  should  remain  unchanged, If  in  tho  role 
of  functionnl  is  selected  #  for  example,  a  dosage  of  radiation  ceming  out  from  the 
reactor,  as  is  the  case  when  calculating  the  protection  egaiast  radiation,  then  during 
the  transition  to  zniltiefroup  problem  it  is  necessary,  that  the  dosage  of  outcoming 
radiation  should  remain  unchanged#  Naturally#  tlu.-.t  during  the  averaging,  intended  for 
the  preservation  of  these  or  any  other  funoticnala#  there  is  a  change  in  foriti  of  con^ 
jugated  functions,  which  are  also  taken  with  respect  to  tho  fixed  functional.  If  the 
nuiober  of  groups  increases  then  the  method  of  averaging  appears  to  be  indifferent  and# 
in  this  way,  there  is  the  possibility  of  compiling  universal  nultigrcup  constants. 
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which  do  not  depend  upon  the  neutron  spectrum  in  the  reactor*  This*  in  any  event*  ia 
valid  for  problems  *  connected  with  the  calculation  of  critical  nass  or  reactor  reactance 
AS  to  problems  pertaining  to  the  passing  of  neutrons  through  the  protection  *  then 
for  them*  apparently*  it  is  practically  isqpossible  to  compile  a  universal  nultigroup 
system  of  constants*  valid  for  calculations  of  small  scale  and  asyaptotic  larger  pro¬ 
tections  as  well* 

In  chapter  l6  are  explained  the  general  algorithms  for  the  obtainment  of  multigroup 
reactor  equations  in  I^<«pproximation.  Explained  are  methods  of  averaging  physical 
coxistants  in  the  ultra>warm  zone  *  given  are  transforms  of  foraulas  for  averaged 
physical  constants  and  simplm  averaging  methods  are  given* 

It  should  be  pointed  out*  that  the  problem  of  most  rational  averaging  of  physical 
constants  has  gained  sufficiently  great  attention  in  literature.  These  problems*in 
particular*  have  found  reflection  (mention)  in  reports  of  R.Erlikh  and  G*Ciurvits 
]314]»  S*Glesston  and  Ki.Edlundj75l]*  L.N.Usachev[279t  28^*  G.I.>farchuk(i72*  178.  18^ 
and  others.  In  many  of  the  mentioned  reports  physical  constants  are  averaged  for 
reactors  with  moderators  consisting  of  a  mixture  of  elements*  having  no  hydrogen* 

The  method  of  averaging  constants  by  groups  for  mixtures.containing  hydrogen 
nuclei*  was  introduced  by  G*I*Marchuk  and  N*Ya»Iyashchen)co^8^*  Further  on  this  method 
has  been  substantially  developed  by  N*Ya*Iyashehenko  and  applied  to  a  broad  class  of 
problems* 

In  the  monography  by  the  author^TS^  was  formulated  an  approximation  calculation 
Bstbod  for  uraniuok-water  reactors*  which  can  also  be  applied  for  physical  calculations* 

In  this  monography*  when  discussing  problems  of  multigroup  representation  of  reactor 
equations  the  author  selected  a  new  way*  based  on  the  use  of  the  apparatus  of  the 
theory  of  perturbations*  allowing  to  average  the  constants  with  consideration  of 
statistical  weights*  which  appear  to  be  solutions  of  a  multigroup  system  of  conjuga¬ 
ted  reactor  eqioations  with  respect  to  the  fixed  functional. 
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In  ooneluaion  of  chapter  l6  are  basic  and  eonjxtgated  reactor  equationat  vhlch  are 
changed  Into  fora*  cAnrenient  for  carrying  on  practical  calculatlona.Great  attention 
la  also  devoted  to  the  consideration  of  resonance  effects  during  aultigroup  calculs' 
tlon. 

In  chapter  1?  are  foiaulated  multigroup  systems  of  reactor  equations  in  diffusions 
age  approximation*  Foroulas  are  derived  for  a  nultigroup  system  of  constants  and  ways 
are  discussed  for  practical  realization  of  the  algorithm*  Mich  attention  was  devoted 
to  the  approximated  method  of  calculating  spatlal«ienergy  distribution  of  neutrons 
in  the  reactor*  Hie  obtained  neutron  spectrum  in  the  reactor  can  be  utilized  for  nu^ 
tigroup  averaging  of  constants  and  for  more  accurate  solution  of  the  problem*  In  con¬ 
clusion  is  gi^en  a  method  of  calculating  the  effective  addition  to  the  active  zona 
on  account  of  the  reflector* 

Chapter  18  is  devoted  to  the  utilization  of  the  multlgroap  method  to  problems  in 
PQ>approximation*  Given  are  effective  methods  for  calculating  a  nultigroup  of  con^ 
stants*  based  on  the  utilization  of  the  neutron  spectrum*  obtained  in  dlffusional 
or  F^-approximations*  A  special  place  in  the  chapter  is  devoted  to  I^«approKination« 
which  in  its  realisation  is  no  more  complex*  than  ^-approximation* 

In  the  fifth  part  of  the  book  is  developed  an  effective  single-group  theoory  and 
methods  of  small  group  approximation* 

In  chapter  19  are  discussed  monogroup  kinetic  equations  •obtained  on  the  basis 

of  rational  methods  of  averaging  a  imltigroup  system  of  kinetic  equations*  For  mono-^ 

are/ 

group  averaging)  used  methods  of  the  theory  of  perturbations  so  that  single  group 
kinetic  equations  lead  to  the  very  same  functional  values*  as  does  s  nultigroup  sys^ 
tem.  Discussed  are  two  averaging  methods  *based  on  the  use  of  subsequent  approKima-. 
tlon  methods*  On  the  basis  of  single  group  theories  is  considered  the  problem  of 
calculating  reactir  dimensions  without  reflectors* 

In  chapter  20  are  investigated  problems  of  monogroup  theory  applicable  to  dif^ 
fuslonal  and  F^-approzimations*  Obtained  was  a  system  of  basic  and  conjugated  reactor 
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eqiaatioBs  and  eoopllad  were  fornulae  for  the  obtaiment  of  a  monogroup  system  of  eon  - 
slants*  Ihe  corresponding  formulas  are  of  simple  form  and  are  suitable  for  practical 
utilization.  In  paragraph  20*3  are  explained  effective  methoda  for  calculating  critic* 
cal  masses.  Ibis  part  of  the  chapter  appears  to  be  the  central  one  .  because  in  it  is 
formulated  the  method  of  defining  calculations  of  critical  masses  of  a  reactor  •ob¬ 
tained  in  multigroup  P^-approximation.  Ihe  task  of  closely  defining  consists  in  the 
fact,  that  the  nultigroup  calculation  in  P^^-approximation  allows  to  find  single-group 
constants,  which  are  later  used  in  solving  a  single  group  problem  in  PQ-approximation. 
Furthermore,  the  use  in  calculations  of  the  single-group  theory  considerable  cuts  the 
time  of  calculating  the  critical  mass  of  the  reactor.  The  fact  is.to  calculate  the 
critical  mass  of  a  reactor  .  it  is  necessary  to  employ  the  method  of  probes,  with 
the  aid  of  which  it  is  possible  to  find  the  dimension  of  the  reactor .corresponding  to 
the  value  *  1.  To  do  this  it  is  necessary  to  make  a  series  of  nultigroup  calcu¬ 
lations.  If  the  single  group  theory  is  used. then  it  is  sufficient  to  solves - the 

systen__^ - - - 

multigroupjof  reactor  equations  for  one  value  K^ff  and  average 

the  physical  constants,  so  as  to  obtain  coefficients  for  single  ^roup  reactor  equa*. 
tlons.  Further  calculation  is  conducted  with  the  aid  of  the  single  gromp  theoory.  As 
results  is  found  the  critical  mass  of  the  reactor.  Critical  mass  calculations  by  the 
single  group  theory  may  have  a  certain  error,  because  single  group  constants  were 
obtained  by  the  use  of  the  neutron  spectrum  in  a  noncritical  reactor  E^ff  ^  1.  To 
define  the  calculations  it  is  necessary  at  values,  obtained  with  the  aid  of  single 
group  theory,  of  critical  dimensions  and  concentration  of  the  spallating  isotope,  to 
make  a  multigroup  calculation,  and  then  again  average  the  constants,  and  with  the 
aid  of  the  single  group  theory,  to  define  the  value  of  critical  parameters  of  the 
reactor.  Methods  based  on  use  of  single-group  theoriaa  for  calculating  critical 
masses  of  reactors,  have  been  developed  by  the  author  together  with  Ye.I.Pogadalina. 

In  conclusion  of  the  chapter  is  described  a  simple,  but  sufficiently  effective 
approximation  method  of  oaloulating  critical  masaaa  of  a  reactor  in  single  grceqp 

U 
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apivoocimatlon  •  developed  by  S.B«ShlkliOT  and  A«l*NovozhlloT^l^« 

In  chapter  21  are  developed  methods  of  small>^oup  approxiioation.  It  is  ::nown,that 
when  calculating  nuclear  reactors  tvo«or  thraQ>grcup  methods  are  used  quite  often* 

In  paragraph  21*2  and  21*4  i£  given  the  theoretical  basis  for  employing  two>group 
and  three-^oup  methods  of  calculating  reactors*  Of  special  importance  here  is  the 
three»group  method*  which  allows  to  coinbine  all  neutrons  of  the  fission  spectrum 
in  one  group*  neutrons  of  resonance  energies  •>  in  another  ^roup  and  thermal  energy 
neutrons  -  in  a  third  one*  Ibis  offers  the  possibility  of  obtaining  not  only  proper 
values  of  critical  mass*  but  also  the  function  of  the  number  of  secondary  neutrons 
Q(r)*  If  the  three-group  system  of  constants  is  fomulated  in  diffusional  or 
approximation*  then  it  can  be  used  further  on  to  define  calculations*  eturried  out* 
for  example*  within  the  frame  works  of  Fj^-epproximationa* 

In  paragraph  21*4  is  described  an  approximate  method  of  two-group  calculation  of 
reactors*  developed  by  S*B*£hikhov  and  V*B*iroyanskiy*  Ibis  method  is  hi^ly  effect 
ive  in  appllcatftou  to  the  calculation  of  reactors  of  different  spectra* 

In  chapter  22  are  discussed  problems  of  the  theory  of  perturbations  in  case  of 
a  single  group  approximation*  as  well  as  in  the  case  of  small-group  approximations* 
Obtained  were  fomulaa  of  the  theory  of  perturbations  for  practically  important  instan¬ 
ces* 

In  chapter  23  are  discussed  methods  of  calculating  critical  dimensions  of  reactors 
in  mono-group  apprraclmation*  Oisovssed  are  problems  of  calculating  critical  masses 
of  reactors  without  reflectors*  Derived  is  an  approximate  foxmila  for  calculating 
critical  reactor  mass  in  ease  of  anisotropy  in  the  diffusion  of  neptrons*  Formulated  is 
a  variation  method  for  calculating  critical  masses*  given  are  basic  forculao*neees8ary 
for  calculating  critical  ■  -  paramaters  of  reactors  with  hoooganeous  infinite  ref¬ 

lector* 

Fart  six  of  the  book  is  devoted  to  the  study  of  heterogeneous  —effects  in  nuclear 
reactors* 
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la  chapter  24  is  explained  the  theory  of  resoxiant  entrapment*  At  first  Is  dis- 
euaaed  moderation  and  entrapment  of  neutrons  in  a  homogeneous  mediunu  Forii«lated  is 
a  conjugate  problem  relative  to  the  entrapmsit  of  neutrons  and  under  consideration 
are  methods  of  solving  the  integral  equation  of  moderating*  developed  by  the  author 
together  with  F*F*Mkbaylu8  |l8^  *  Next  is  discussed  the  problem  of  resonant  absorp¬ 
tion  of  neutrons  in  the  block*  Ibe  explanation  is  made  on  the  basis  of  the  theory  of 
resonant  entrapmeAt  (resonance  capture)*  developed  by  V*V*Orlov  ^l^and*  independent 
ly,  by  A*P*Rudik^59^  *  This  theory  is  valid  for  the  calculation  of  the  effective  re* 
sonanee  integral  of  blocks  of  any  thicknesses  and  coincides  with  the  theory  of  N*Z* 
Gurevich  and  I*Ya*Pomeranehuk^3^or  thin  blocks  and  with  the  Ye *Vigner  ^9^  theory 
for  blocks  of  greater  thicknesses.  The  dependence  of  resonance  captxire  upon  the  tem¬ 
perature  of  the  block  has  been  theoretically  Investigated  by  S.Brimberg  and  Dalstrom 

.  Listed  are  temperature  coefficients  for  the  change  in  volumetric  and  surface 
parts  of  resonance  absorption*Si8cussed  is  the  problem  of  mutual  screening  of  lamel¬ 
lar  blocks*  A  corresponding  formula  to  calculate  the  effective  resonance  integral 
was  obtained  by  the  author  together  with  V*V*0rlov  ^7^  *  At  the  conclusion  of  the  chapter 
is  considered  an  important  problem  of  numerically  calculating  the  effective  resonaneo 
integral  in  the  absorbing  block  and  in  the  lattice  of  blocks*  This  question  was 
brought  up  by  B.Spinrad*  ai*Chernik  and  N*Korngold^64']*  The  authors  obtained  an  in 
tegral  equation  of  moderation*  which  is  used  for  finding  a  central  stream  of  neutrons 
along  the  block*  necessary  to  calculate  the  effective  resonance  integral*  But  the 
theory  of  B.Spinrod*  Zb.Chernik  and  N*Korngold  is  applicable  only  to  blocks  of  great 
er  thicknesses*  V.V.Orlov  and  A*A*Lukyanov  ^20^  developed  a  theory  of  resonance  cap¬ 
ture*  based  on  the  use  of  the  Integral  equation  of  neutron  moderation  for  blocks  of  any 
given  thicknesses*  Corresponding  results  are  discussed  in  par *24*8* 

In  par«24*.9  are  discussed  results^  by  the  author  and  concerning  resonance 

absorption  of  lamellar  systems* 

In  chapter  23  are  weighed  problems  of  effective  boundary  conditions*  Olseussed  is 


FTD-TT-62-1814/1 


16 


the  problem  of  effective  ooodltloxxe  on  the  surfeee  of  *black*  bloeke.  A  review  of  the 
method  of  effective  boundary  coodltiona  was  made  by  C«A«Bat  end  D.F.Zaretskiy  • 
Wheijexamining  the  problem  of  effective  conditions  on  the  boundaries  with  black  bodies 
is  used  the  balance  method  developed  by  A.L«Brudnoa 

When  discussing  the  boundary  conditions  for  gray  bodies  was  used  the  methodf  intro¬ 
duced  by  D.F.Zaretskiy  and  D.D.OdintsoT  jll^and  further  developed  by  the  author  to* 
gather  with  T.K  .Sedel'nikov  (iT^ 

When  calculating  effective  conditions  on  boundaries  with  "gray  *  bodies  it  is  very 
important  to  know  the  probability  of  neutron  capture  in  the  block*  To  this  problem 
were  devoted  the  Investigations  by  II* Stuart ^2 65*  results  of  which  are  given 

in  the  monography*  In  the  chapter  under  discussion  are  given  applications  of  effective 
boundary  conditions  to  the  calculation  of  nuclear  reactors*  In  this  respect  very  essential 
results  have  been  obtained  by  A*Anuyal,  P.Benua  and  D.Gk>rovitsj%j.  In  conclusion  is 
discussed  the  problem  of  nutual  screening  of  absorbing  blocks  in  the  field  of  ultra-^ 
thermal  neutron  energies*  This  problem  is  of  special  importance  for  the  obtaiiment 
of  a  proper  coefficient  of  multiplication  on  fast  neutrons  of  a  heterogeneous  reactor* 

In  chapter  26  are  formulated  effeotive  conditions  of  homogenizing  a  heterogeneous 
reactor*  Discussed  are  two  methods  of  approaching  the  solution  of  thispocoblem*  nie 
first  one  of  the  methods  is  based  on  studying  the  problem  on  the  passing  of  neutrons 
in  direction*  parallel  and  perpendicular  to  the  generatrix  of  the  block*  In  diffusion 
approximation  for  a  plane*parallel  medium  this  problem  was  investigated  by  Ya*T* 
Shevelev^O^*  In  a  more  accurate  set  up  it  was  solved  by  N*I*Laletin  *  who  also 
made  an  effort  to  develop  effective  methods  of  homogenization  fer  cylindrical  cells* 

Ihe  second  method*  developed  by  V*V*SfflBlov  ^32^*  is  based  on  the  preservation  of 
the  reactor's  nultiplication  coefficient  during  the  transition  from  the  heterogeneous 
system  to  an  equivalently  homogeneous.  An  analogous  approach  to  the  solution  of  the 
problem  of  homogenization  was  developed  by  A*D*Qalanin[66j* 
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In  the  seTenth  pert  of  the  book  are  discussed  problems  of  thermalizlng  neutroosa 
Ihe  first  results  in  thernalization  within  the  frameworks  of  a  model  of  a  monoatomio 
gas  moderator  for  an  infinitely  homogeneons  medium  were  obtained  by  B,N.DavyloT  in  1937 
[93j*  These  problems  were  then  thoroughly  investigated  by  OaQurvits  (89^«  Wilkinson 
&37j  Ye.Kbgen|l37,  138]  and  others. 

In  chapter  27  is  described  a  model  of  a  monoatomlc  gas  moderator.  Kinetic  equa — 
tions  of  moderation  are  discussed.  The  function  of  neutron  diffusion. const rue ted  by 
V.V.SdmIov  and  L.V.MByoroT.  selected  with  consideration  of  the  mechanism  of  elastic 
diffusion  of  neutrons  on  moving  nuclei,  distributed  by  velocities  in  accordance  with 
the  I'texwell  law.  Executed  was  the  transition  from  kinetic  reactor  equation  to  diffusional 
equations.  Formulated  was  a  problem  concerning  the  spectrum  of  slow  neutrons  in  infini— 
tely  homogeneous  medium.  In  conclusion  is  presented  a  problem  concerning  the  spectrum 
of  neutrons  in  a  cell  of  a  heterogeneous  reactor  and  listed  are  results  of  calculations, 
carried  out  by  A.D.aalanin|6^. 

Chapter  28  was  written  by  V.F.Thrchin  and  represents  a  review  of  theorem ical  re¬ 
sults  on  the  scattering  of  slow  neutrons  in  solid  bodies  emd  liquids.  Most  outstand¬ 
ing  results  in  this  direction  were  obtained  by  V.F.!Ilirchln|278.27^  .  MaVaKazarnovskly 
and  F.LaShapiro  1^1.123].  M.Nelkin]210-212^ .  Ye.Kogen]^38,  139^  and  others.  Pis  cussed 
war  the  diffusion  of  neutrons  by  the  isolated  nucleus  and  combination  of  atoms.  Great 
er  attention  has  been  devoted  to  the  ease  of  incoherent  scattering  of  neutrons.  The 
central  points  of  this  chai^ter  are  paragraphs  28.3  and  28*6.  in  which  is  discussed 
the  theory  of  diffusion  of  slow  neutrons  in  crystals  and  in  liquid.  The  results. for 
mulated  in  these  paragraphs,  are  of  greater  practical  interest  and  are  used  in  calcu¬ 
lations. 

In  chapter  29  are  discussed  mathods  of  multigroup  solving  equations  for  the  spectm 
of  slow  neutrons,  in  essential  featiire  here  is.  that  the  mathematical  appara'his.de-« 
veloped  for  this  purpose  by  the  author  together  with  V.V.Steslov^l77t  178.  23^.  is 
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not  connected  with  the  concrete  selection  of  neutron  diffusion  funetiona  and  appears 
to  be  universal.  On  the  basis  of  the  thetey  of  perturbations  is  forimilated  a  single* 
group  theory.  Developed  was  a  method  for  calculating  the  spectrum  of  slow  neutrons  in 
F^*approximation  of  the  method  of  spherical  harmonics. 

Finally,  the  eighth  part  of  the  book  is  devoted  to  critical  masses  of  hcmogeneotts 
reactors.  This  part  consists  of  two  chapters. 

In  chapter  30  considered  methods  of  physically  calculating  nuclear  reactors) 
formulated  are  typical  problems  for  the  calculation  of  critical  masses  and  spectra 
of  neutrons)  given  are  practical  algorithms  for  the  averaging  of  group  constants) 
numerous  problems  were  set  up  which  take  into  consideration  the  use  of  small  group 
approKimations.  In  conclusion  are  discussed  problems  of  calculating  heterogeneous 
reactors  and  compensation  systems.  Practically  speaking,  this  chapter  has  a  majority 
of  problems  concerning  physical  calculation  and  considered  are  practical  algorithms 
for  their  solution  on  the  basis  of  results  from  previous  chapters  of  the  book. 

In  chapter  31  ^re  presented  results  of  calculating  critical  masses  of  reactors  in 
a  wide  range  of  neutron  spectra t  from  fast  to  thermal.  Hie  first  effort  to  make  a 
systematic  generalization  of  results  obtained  from  calculation  of  critical  masses  of 
homogeneous  reactors  was  made  by  V.Ya.Pipko|235»  23^  and  by  T.N.Znbarev,  G.I.MBrehuk 
and  A.K. Sokolov [il5j. 

In  report  ]ll^'  are  listed  critical  masses  of  uranium-beryllium,  uranium-graphite, 
and  uranluffl^water  reactors,  as  well  as  of  reactors,  consisting  of  mixtures  of 

239 

and  Pt  ,  calculation  of  which  was  carried  out  by  the  author  together  with  V.F. 
Kochergin,  Ye.I.Fogudalins.  V.V.Kolesov,  G.A.Ilyasov  azid  L.I.Kaznetsova  |l83-l8^  • 

In  recent  years  these  Investigations  have  been  repeated  by  the  author  together  with 
Y.F.£ochergin.  A.I.Mevinitsa  and  O.F.Uznadza  on  the  basis  of  using  a  more  accurate 
21-^oup  system  of  constents.  In  addition,  a  greater  number  of  new  variants  are  oon  — 
sidered.  essential  for  the  planning  of  reactors  of  variegated  spectra. 

In  the  appendix  to  the  book  are  included  certain  data.useful  for  practical  uti'*’ 
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liMtioA  of  mettiodo,  analyzod  in  the  monography» 
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